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Abstract— Hair follicles repeatedly regress and reconstitute themselves, suggesting the presence of intrinsic tissue stem cells. Among 
the unique characteristics of adult stem cells isolated from hair follicles is their ability to differentiate into keratinocytes. Study on 
chitosan skin-engineered templates (SETs) as scaffolds for the proliferation of human fibroblasts have shown the promise of SETs in 
facilitating skin cell growth in three-dimensional culture. High proliferation in three-dimensional culture using human cells allows the 
researcher to extensively evaluate the cultivation of desirable cell types on chitosan SETs. Therefore, this study aimed to evaluate the 
in vitro attachment, proliferation and differentiation of hair follicle stem cells (HFSCs) on a chitosan SETs. HFSCs were isolated from 
human scalp tissues using collagenase type I prior to propagation in supplemented CnT-07 media. The phenotype of the HFSCs was 
verified using the markers keratin-15 (K15) and CD200, as detected by immunocytochemical staining. The attachment and 
proliferation of the HFSCs on the chitosan SETs were evaluated using scanning electron microscopy (SEM), an alamar blue assay and 
a live/dead assay. Subsequently, the HFSCs were differentiated using CnT-2D differentiation media. The cells’ differentiation was 
verified using the markers involucrin and keratin-6 (K6), as detected by immunofluorescence staining. The HFSCs were successfully 
isolated, proliferated and differentiated according to staining positivity and microscopy imaging. HFSCs are able to proliferate and 
directly differentiate into keratinocytes on a chitosan SETs, which may facilitate their use in regenerative medicine. 
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I. INTRODUCTION 
The isolation of hair follicle stem cells (HFSCs) derived 
from humans has been simplified [1] and has led to a great 
opportunity for researchers to use HFSCs in differentiation 
experiments. Many studies have proven that the multipotent 
HFSCs situated in the bulge, serving as its niche [2], [3] are 
able to differentiate into sebocytes [4] and melanocytes, 
neuronal and smooth muscle cells [5] in vitro. In addition, a 
new hair follicle can be formed in reconstitution assays after 
HFSCs are combined with dermal cells [2]. Human HFSCs 
in a co-culture model were successfully demonstrated to 
regenerate tissue to replace wounded or diseased tissues both 
in acute and in chronic animal models [6]. However, studies 
of HFSC proliferation and differentiation into keratinocytes 
in vitro using scaffolds are scarce. The differentiated cells, 
and particularly keratinocytes, that are derived from human 
HFSCs are potent, especially for use in the clinical setting. 
Clinically, autograft and allograft skin grafting is still the 
gold standard for the management of burns and wounds that 
involve extensive skin loss [7]. This type of treatment leaves 
a scar and pain at the donor site. Alternative management of 
burn and wound patients is definitely challenging for plastic 
surgeons.  
The availability of a lot of cultured keratinocytes is 
certainly crucial for alternative management. Unfortunately, 
keratinocyte cultures easily undergo senescence [8], 
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impairing their application to burn and wound management. 
Another issue in the clinical setting is obtaining human 
HFSCs that have the high proliferative ability and that are 
easy to differentiate into keratinocytes [1]. Prior to grafting 
HFSCs, a delivery system is not necessary if the cells are 
cultured in a culture vessel before administration to the 
recipient because the cells must be administered in spray 
form, which is time-consuming and labor intensive. 
Differentiating cells on biocompatible and biodegradable 
scaffolds is another challenge. A scaffold must lead to 
extensive cell proliferation, and in the case of differentiation, 
the scaffold should have properties that support and trigger 
stem cell differentiation. Chitosan skin-engineered templates 
(SETs) have been proven to have potential as an applicable 
scaffold for three-dimensional culture, accelerating fibroblast 
proliferation [9]. Chitosan is a poly-(β-1, 4-D-glucosamine) 
and deacetylated derivative of chitin. Among the attractive 
features of chitosan are its biomechanical properties [10], 
which are ideally suited for skin tissue engineering [6], [9], 
[11]. The potential of chitosan in supporting HFSCs and 
their differentiation potential in three-dimensional culture is 
yet unexplored. HFSC culture on chitosan is a strategy to 
avoid technical limitations, including HFSC delivery and 
transplantation issues. The elimination of these limitations 
may render HFSCs a potential source of stem cells for 
cutaneous regenerative medicine and skin tissue engineering 
[12]. Therefore, our aim was to evaluate the attachment, 
proliferation, and differentiation of HFSCs cultured on a 
chitosan SETs for application in regenerative medicine. 
II. MATERIAL AND METHOD 
A. Preparation of Chitosan SETs 
A chitosan SETs was produced from ultrapure medical-
grade chitosan powder (Hunza Nutriceuticals Sdn Bhd., 
Nibong Tebal, Penang, Malaysia) developed at the 
Advanced Materials Research Centre of SIRIM (AMREC-
SIRIM) in Malaysia (Fig. 1). The chitosan SETs production 
procedures have been described in detail by [9], [13]. The 
chitosan powder was irradiated via gamma radiation, and the 
chitosan SETs was sterilized using ethylene oxide gas. Prior 
to use, the scaffold was quarantined for one month. The 
chitosan SETs was briefly washed with supplemented CnT-
07 media (Cell-N-Tech) prior to cell seeding. 
 
 
Raw material  Chitosan powder  Chitosan SET  
Fig. 1  AMREC-SIRIM producing Chitosan SET originated from prawn 
shell 
 
B. Morphological Analysis of Chitosan SETs 
The top surface and the cross-sectional morphology of the 
chitosan SETs were observed by scanning electron 
microscopy (SEM; Quanta 450 FEG, FEI, Netherlands) after 
specimens were coated with an ultrathin layer of gold in a 
coating apparatus. Imaging was conducted at a voltage of 20 
kV. 
C. HFSC Primary Culture and Characterization Assay 
HFSCs were obtained following a method outlined in our 
prior publications [1], [14]. All human scalp tissues used in 
this study were collected from consenting donors. The study 
was approved by the Human Ethics Committee of Universiti 
Sains Malaysia (USM) (USMKK/PPP/JEPeM [212.3(15)]). 
The cultured cells were grown in supplemented CnT-07 
media at 37°C in a 5% CO2 incubator. The HFSCs were 
characterized and their phenotype was verified following a 
method outlined in our prior publications [1], [14]. The 
HFSCs were grown in a 24-well plate until reaching 80% 
confluence before fixation in absolute methanol (Sigma) for 
15 minutes at 4°C. After that, incubation of the cells in 
normal goat serum for 20 minutes was performed. Mouse 
monoclonal anti-human keratin-15 (K15; Abcam Inc., 
1:1000 dilution) and mouse monoclonal anti-human CD200 
(Abcam Inc., 1:500 dilution) were then used as primary 
antibodies to validate the HFSCs’ phenotype. These primary 
antibodies against the markers were incubated for one hour. 
Incubation with a secondary antibody (conjugated to biotin) 
for 30 minutes was then performed, followed by a 20-minute 
incubation with streptavidin-horseradish peroxidase. 
Afterward, the cells were incubated with 3,3'-
diaminobenzidine (DAB substrate) for another 20 minutes. 
Finally, hematoxylin was added to the cells to counterstain 
the nucleus.  
D. Inclusion and Exclusion Criteria    
In normal hair cycle, the hair is actively produced because 
the hair follicle composed of hair follicle stem cells. 
Therefore, to confirm that the hair follicle stem cells are 
easily isolated, scalp samples were collected from patients 
that fulfilled these following criteria: i) Patients age less than 
60 years. This criterion was chosen because older people 
normally presented with hair loss that clearly confirmed the 
hair cycle was abnormal. ii) Scalp containing hair follicle. 
Some scalps that were collected but have no hair follicle 
have been excluded from the isolation procedures. iii) Not 
receiving radiotherapy on the head. Radiation exposure 
causes the hair loss and effects the hair follicle function. 
Meanwhile, patients having a scar on the scalp, androgenic 
alopecia and excessive open injury on the head were 
excluded from sample recruitment. 
E. HFSC Seeding on Chitosan SETs 
HFSC cultures were washed with Dulbecco’s modified 
phosphate-buffered saline (DPBS) (Gibco) and detached 
using TrypLE™ Express (Invitrogen). The cells were then 
seeded onto chitosan SETs at a seeding density of 6x106 
cells/well. The first 20 μl of cells was seeded onto the center 
of each chitosan scaffold. After three minutes, another 20 μl 
of cells was seeded onto the chitosan. This process was 
repeated until 100 μl of cells was seeded. After 30 minutes, 
100 μl of supplemented CnT-07 medium was added to 
support cell proliferation. The cultures were incubated at 
37 °C in a 5% CO2 incubator. After one hour, the chitosan-
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cell constructs were transferred to 24-well plates to provide 
an adequate volume of growth media for cell proliferation. 
The chitosan-cell constructs were incubated at 37 °C and 5% 
CO2. The supplemented CnT-07 media were changed every 
day to mitigate nutrient depletion. On the third day, the 
chitosan-cell constructs were used for further experiments. 
F. HFSC Attachment on Chitosan SETs 
The chitosan-cell constructs were rinsed three times with 
DPBS for 5 minutes each and fixed with 2.5% 
glutaraldehyde (Sigma) at room temperature. The samples 
were then washed three times with PBS, dehydrated using a 
graded series of ethanol (30-100%), air dried and viewed by 
SEM. A chitosan SETs incubated with growth media alone 
was used as the negative control. 
G. Proliferation of HFSCs on Chitosan SETs Observed Via 
Laser Scanning Microscope (LSM) 
The chitosan-cell constructs were washed three times for 
5 minutes each. A LIVE/DEAD Kit (Invitrogen) was used to 
investigate HFSC proliferation on the chitosan SETs. A 200 
μl solution containing 4 mM ethidium homodimer-1 reagent 
and 2 mM calcein AM (ratio 2:1) in DPBS was used, as 
recommended by the manufacturer. Incubation of the 
chitosan-cell constructs with the solution was performed for 
45 minutes at room temperature, after which the scaffolds 
were viewed using LSM (Zeiss, Germany) with 
excitation/emission wavelengths of 495 nm/635 nm for 
ethidium homodimer-1 and of 495 nm/515 nm for calcein 
AM. A chitosan SETs incubated with growth media alone 
was used as the negative control. 
H. Viability of HFSCs on Chitosan SETs 
Chitosan-cell constructs were assessed with the alamar 
blue test (Invitrogen) for different culture periods of up to 7 
days. Alamar blue solution was also applied to the chitosan 
SETs without cells, and the data were regarded as the control. 
At different culture times, 20 µl of alamar blue solution was 
added to each well, and the samples were incubated at 37 °C 
for 4 hours. The medium (100 μl) from each well was 
transferred into a 96-well plate (Orange, Belgium) and 
analyzed using a NanoQuant enzyme-linked immunosorbent 
assay reader (Tecan, Austria). The absorbance was 
determined at 570 nm, with a reference wavelength of 600 
nm. 
I. Differentiation Ability of HFSCs 
The differentiation abilities of the HFSCs on the chitosan 
SETs and on a 6-well chamber plate were evaluated by 
immunofluorescence staining. A solution at 6x106 cells/ml 
was seeded on the chitosan scaffold, and the cells were 
differentiated using CnT02-3D induction media (Cell-N-
Tech). The differentiation of the HFSCs into epidermal 
keratinocytes was validated using a mouse anti-human 
involucrin monoclonal antibody (Abcam, UK) and a mouse 
anti-human cytokeratin-6 (K6) monoclonal antibody (Abcam, 
UK). Primary antibody incubation (1:500) was performed at 
room temperature for one hour. The involucrin- and K6-
positive cells were detected by a secondary antibody coupled 
to fluorescein isothiocyanate (FITC) (Sigma). To stain the 
nucleus, 4',6-diamidino-2-phenylindole (DAPI) (1:500) 
(Sigma) was used. All images were viewed by LSM. 
J. Statistics 
The data are presented as the mean ± standard error of the 
mean (SEM) for the live/dead assay and as the mean ± 
standard deviation (SD) for the OD values. The means of the 
groups in the live/dead assay were compared using the 
Wilcoxon signed-rank test. A significant difference was 
considered when  < 0.05. 
III. RESULTS AND DISCUSSION 
K. Microstructure of Chitosan SETs 
In the current study, the SEM images of the top surface of 
the chitosan SETs revealed a smooth, porous surface. 
Meanwhile, the cross-sectional imaging revealed 
interconnected pores. The pore size of the scaffold ranged 
from 44.41 ± 15.11 μm to 145.65 ± 18.21 μm in diameter 
(Figs. 2A and 2B). The pore size of the chitosan SETs was 
fabricated via freezing and lyophilization processes. During 
these process, ice crystals nucleate along thermal gradients, 
creating a porous structure [9], [15]. The particular porous 
structure of the chitosan SETs was fabricated with the aim of 
increasing the dimensions for cell attachment and 
proliferation. A suitable pore size for a scaffold for skin 
tissue engineering is between 100 and 200 μm [16]. Another 
report described a lyophilized collagen-chitosan scaffold 
with a pore size of 40-100 μm as containing an 
interconnected structure that increased cell proliferation and 
concurrently decreased inflammation [17]. Moreover, the 
high porosity of the scaffold increased tissue regeneration 
and supported tissue formation. Porosity on a specific scale 
accelerates specific tissue integration and vascularization. 
This can be achieved by using a high density of cells to 
proliferate throughout the scaffold and to ultimately 
regenerate the specific tissue [11]. In the area of tissue 
engineering, the function of a scaffold is actually to provide 
three-dimensional cultivation conditions and to ultimately 
enhance cell adhesion and proliferation in vitro [9], [15].  
 
  
Fig. 2  SEM images of a chitosan SET. Top surface microscopic image of 
the chitosan SET (A). Cross-sectional microscopic image of the chitosan 
SET (B). Scale bar 200 μm 
 
There is various types of the commercial produce of 
biomaterials for the proliferation of skin cells especially for 
the management of burn patients and wound infections. To 
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date, researchers from diverse pharmaceutical sector or 
research centre are still focusing on fabrication of novel 
biomaterials. The innovation of biomaterial that employs a 
new polymer or technique for skin replacement product is 
continuing.  
Currently, electrospinning is the latest technology of 
fabrication for novel biomaterial. In comparison with the 
conventional method of freeze drying that has been 
employed for fabrication of chitosan SET, electrospinning 
producing nanofibrillar scaffold. Nanofiber provides a better 
substrate for cell adhesion, proliferation and differentiation 
in 3-D culture [18]. Most importantly, the major skin cells 
particularly keratinocytes, fibroblasts and endothelial cells 
were highly grown in this type of scaffold [19]. During skin 
repair and regeneration, nanofiber leads to increased 
vascularization, re-epithelialization and enhanced 
granulation tissue formation. In future, the fabrication 
process of chitosan SET is suggested to use the 
electrospinning technique. This new technique will create 
the novel nanofiber chitosan SET and may show excellent 
results for future tissue engineering application.  
Alternatively, the culture technique of fabrication for skin 
substitute can be done via the air-liquid interface. It uses 
special commercially available of culture chamber named as 
organotypic inserts. The inserts are expensive, however, they 
lead the differentiation of skin cells into epidermis or dermis 
rapidly. They allow highly differentiated cells functions and 
structures compared with the cells cultured under immersion. 
Cells are seeded onto the permeable membrane of a cell 
culture insert. Upon reaching confluence, cells are supplied 
with culture medium to the only basal chamber and exposing 
the apical surface to air. The structure of skin substitute 
produced with this technique is almost similar to the native 
human skin [20].      
Natural polymeric scaffolds, including collagen-, 
hydrogel- or chitosan-based scaffolds, have been the focus, 
as they have favourable biomechanical properties, significant 
nutraceutical properties [21], [22] and are both 
biodegradable and biocompatible [10]. In contrast, synthetic 
materials are found to generate acidic products that cause on-
site inflammation, which is harmful to the surrounding tissue 
[23]. Furthermore, exudates and a high degree of 
inflammation may occur if a wound is surrounded by acidic 
conditions. As a natural polymeric scaffold, the chitosan 
SETs has suitable water vapor permeability (WVP). The 
function of WVP is to maintain wound bed moisture; to 
increase regeneration of the dermis; and most importantly to 
accelerate wound healing. Additionally, the chitosan SETs 
has tensile strength, which functions to increase dermal and 
epidermal regeneration [9], [24]. 
L. Primary Culture and Characterization of HFSCs 
In the current study, an overnight incubation with 
collagenase type I was performed to release hair follicles 
from the dermis of human scalps. After 48 hours of cell 
culture, groups of squamous-like cells were observed to be 
growing in supplemented CnT-07 media. After two weeks of 
culture, the grown cells had reached 70-80% confluence 
(Figs. 3A and 3B). To identify and validate the presence of 
HFSCs in the cultures, K15 and CD200 were used and 
showed positivity, indicated by brown color, in the cell 
membrane (Figs. 3C and 3D). Many studies have shown that 
K15 is highly expressed in epithelial stem cells from hair 
follicles [25]-[28]. Furthermore, in [29] show that stem cells 
expressing CD200 have high colony-forming efficiency. 
CD200 has been proven to be the best positive surface 
marker for the human hair follicle bulge. 
In this current study, the characterization of HFSCs was 
performed by examining the surface markers of CD200 and 
K15. Other negative surface markers such as CD34 and 
CD271 were not performed. Inoue and co-workers [30] 
confirmed that bulge cells possess K15-positive, CD200-
positice, CD34-negative and CD271-negative markers. 
Determination of negative surface markers is useful for 
characterizing freshly isolated human epithelial cells. 
Negative surface markers for HFSCs are recommended to 
double confirm the characterization of stem cells. 
Meanwhile, other positive markers for HFSCs are 
recommended including nestin [31] and neural crest 
characteristics [32]. The presence of stem cells with neural 
crest characteristics and nestin-positive marker in hair 
follicle is useful to confirm its pluripotency.     
To date, there is no commercially available of epithelial 
stem cells derived from the human hair follicle. The 
epithelial stem cells or epithelial cells derived from colon, 
tongue, or other organ are existed but not from the hair 
follicle. In European countries and USA, there are many 
centres of stem cells for storage or commercial purpose. As 
HFSCs are important in skin tissue engineering research, the 
plan for collaboration with the private sector for the 
establishment of HFSCs is highly suggested. 
 
 
 
Fig. 3  Primary culture of human HFSCs (A,B). Magnification 100x. 
Characterization of HFSCs using K15 (C) and CD200 (D). Magnification 
100x. Inserts represent negative control 
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M. Attachment and Proliferation of HFSCs on Chitosan 
SETs 
After 72-hour cultivation, HFSCs attached to and 
proliferated on the chitosan SETs (Fig. 4A). Live HFSCs 
predominantly covered the surface of the chitosan SETs, as 
indicated by green fluorescence (Fig. 4B). Meanwhile, red 
fluorescent dead cells were minimally found. In addition, a 
live/dead cell assay of the HFSCs on the chitosan SETs 
showed significant green fluorescence, indicating that more 
HFSCs were viable. According to the graph, at 72 hours, the 
population of living HFSCs on the chitosan SETs was 
double compared with the population of dead HFSCs (Fig. 
4C). The viability assay of the HFSCs on the chitosan SETs 
is presented in Table 1; this assay demonstrated that the 
growth of the HFSCs increased over time.  
 
 
Fig. 4  Analysis of cell-chitosan construct. SEM images of HFSCs at 72 
hours post-seeding on the chitosan SET (A). The HFSCs have attached and 
growth on the surface of the scaffold (arrows). Insert is the chitosan without 
cells. Scale bar 200 μm. Live/dead assay of HFSCs at 72 hours post-seeding 
on the chitosan (B). The viable of HFSCs expressed green fluorescent 
meanwhile the dead cells expressed red fluorescent. Insert is the control. 
Scale bar 100 µm. Graph of living and dead HFSCs on the chitosan SRT at 
72 hours post-seeding (C) (n = 3). *P ≤ 0.05 
 
This promising finding of HFSC viability and growth 
using a chitosan SETs has increased the interest of 
researchers in employing this scaffold for the fabrication of 
epidermal substitutes [6], [9], [11]. Chitosan skin substitutes 
and chitosan SETs have been demonstrated to accelerate 
wound healing in irradiated rats. Both of these materials 
have also been found to significantly decrease the size of the 
scar [6]. In addition to the above finding, the current study 
suggests that the chitosan SETs supports the initial 
attachment, spreading and proliferation of HFSCs in vitro. 
This phenomenon is likely due to close binding between the 
positively charged chitosan and the negatively charged cells 
[21]. Other reports have demonstrated that both fibroblasts 
and keratinocytes attached to and proliferated well on a 
chitosan-based scaffold [33], [34]. A previous study [35] has 
successfully created chitosan-based scaffolds that were used 
to construct an artificial skin bilayer in vitro using a co-
culture technique, and other studies demonstrated that the 
peripheral nerve could also be regenerated [6], [25], [36]. All 
of the reports have shown that chitosan-based material is a 
promising scaffold for the attachment and proliferation of 
mostly skin cells, which support skin regeneration. 
Another suggestion to increase the attachment of HFSCs 
onto chitosan is via co-culture with fibroblasts. The dynamic 
of co-culture between fibroblast and epithelial cells in skin 
tissue engineering has clearly shown that the interaction of 
these two cells regulate skin homeostasis, control the growth, 
migration, and differentiation of epithelial cells, and 
establish autoimmune activities. Co-culture between HFSCs 
and HDFs in the previous study has shown an interaction by 
which a skin-like structure was produced after HFSCs were 
overlaid on HDFs. The HFSCs were overlaid on the 
fibroblasts after the fibroblasts were seeded in chitosan for 
two weeks and the co-culture was done for a further one 
week. The high density of cells (3x106/cm2) was chosen as it 
promotes cell attachment, infiltration, and uniform 
distribution throughout the construct [37]. Co-culture 
between HDFs and HFSCs may secret various soluble 
cytokines, growth factors and extracellular matrix 
components which promote proliferation of epithelial cells.  
TABLE I 
OD570 VALUE OF HFSCS VIABILITY CULTURED ON THE CHITOSAN SET 
(MEAN ± SD, N = 6) 
 
N. Differentiation of HFSCs on Chitosan SETs 
The investigation of HFSC differentiation into 
keratinocytes on chitosan SETs was performed. The cells on 
the chitosan SETs were differentiated into epidermal 
keratinocytes, as indicated by the green fluorescence staining 
of the markers K6 and involucrin (Figs. 5A and 5B). Stem 
cells have the ability to differentiate, providing an ideal 
source for skin replacement products. Stem cells can 
differentiate into specialized cell types in vitro, as 
demonstrated by HFSCs, adipose stem cells and bone 
marrow-derived human mesenchymal stem cells [1], [38], 
[39]. Previous studies have reported that stem cells 
proliferated on chitosan-based scaffolds and successfully 
differentiated into nucleus pulposus (NP)-like cells and 
osteoblasts [40], [41]. A report by [42] showed that HFSCs 
adhered, proliferated, and differentiated on a poly-L-lactic 
acid nanofiber scaffold for peripheral nerve regeneration. 
Our study aimed to obtain baseline knowledge of the 
differentiation of HFSCs into keratinocytes, which, in the 
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future, could be used for skin grafting. The differentiation of 
HFSCs into epidermal keratinocytes is an alternative way to 
achieve skin regeneration in a burn patient. Classically, 
epidermal keratinocytes were isolated from a skin sample 
and propagated on murine fibroblasts that were first 
irradiated, known as a feeder layer. The feeder layer 
supported expansion and proliferation of the cells. The 
culture duration for the keratinocytes was prolonged until a 
thick layer that contained two or three sublayers were 
fabricated, known as a cultured epithelial autograft (CEA) 
[43]. CEAs are used in the treatment of burn patients and are 
combined with nylon or polyglactin mesh [44]. In the current 
study, the use of a feeder layer to grow HFSCs was omitted, 
providing a simplified technique for differentiated 
keratinocyte formation. Therefore, HFSCs were cultured on 
a chitosan SETs as an alternative to feeder layer adaptation.   
 
 
Fig. 5  Differentiation of HFSCs into keratinocytes on the chitosan SET at 
72 hours post-seeding. The HFSCs expressed green fluorescent for 
involucrin (A) and K6 (B). Nucleus stained blue. Chitosan stained light 
blue. Scale bar 200 µm 
 
Although HFSCs can be grown and differentiated on 
chitosan SETs, in our opinion, more studies are needed to 
facilitate the proliferation of cells on chitosan SETs. One 
effective approach is to use a bioreactor, which enables the 
circulation of nutrients and eliminates waste during the 
development and proliferation of HFSCs on scaffolds and 
which enhances the rate of growth. A bioreactor provides 
complete monitoring of and control over intrinsic factors 
[45]. In addition, a bioreactor allows the investigator to 
determine the roles of specific biological, chemical and 
physical parameters. TransCyte and Dermagraft are among 
the products that have been produced using a perfusion 
bioreactor [46].  
Apart of chitosan that supporting the cultivation of stem 
cells and cells of connective tissue, there are a few scaffolds 
that support the cultivation of human cells. Collagen, for 
instance, is the most abundantly used for human skin cells’ 
growth and differentiation. Collagen is easily found in 
bovine, porcine or fish and as the main resource in tissue 
component of tendon, dermis, bone and other parts of the 
bodies. Biocompatibility and biodegradability of collagen 
increase its application for skin grafting in varies form such 
as film, paste, gel, and sponge. However, collagen from the 
mammalian source causes prion disease transmission to 
human. Another crucial scaffold that mainly used in surgery 
is fibrin. Fibrin is isolated in human blood and increases the 
renewal of damage tissue. After mesenchymal stem cells 
derived from bone marrow are seeded into fibrin, the tissue 
regeneration has successfully engineered with less scar 
formation. The limited source of row human blood affects it 
uses in a the clinical setting. Commercial fibrin kit is 
available however, patients with severe disease are not 
affordable to pay due to its high cost. Therefore, chitosan is 
an alternative scaffold for tissue regeneration based on its 
low cost, do not introduce transmission to human and highly 
foster healing process.         
IV. CONCLUSION 
Our study showed that HFSCs were successfully isolated 
and further proliferated in three-dimensional cultivation. 
Human anti-K15 and anti-CD200 antibodies were used for 
verification of isolated cultures, and a live/dead assay was 
used to confirm the viability of the HFSCs during cultivation 
on chitosan SETs. Subsequently, we tested the ability of the 
HFSCs to differentiate into epidermal keratinocytes after 
culture in epidermal induction medium. In addition, the 
current study showed that a chitosan SETs supports the 
attachment, proliferation, and differentiation of HFSCs, 
which is promising for application in skin tissue engineering. 
ACKNOWLEDGMENT 
The authors thank the staff of the Unit of Scanning 
Electron Microscope, School of Health Sciences, Universiti 
Sains Malaysia (USM), for lending their facilities and skill. 
The generous support of SIRIM, the USM Neurosciences 
Department, and the Reconstructive Sciences Unit staff is 
gratefully acknowledged. This work was supported by 
Universiti Sains Malaysia Research University grant 
1001/PPSP/812037. 
REFERENCES 
[1] A. B. M. Hilmi, A. S. Halim, N. M. Noor, C. K. Lim, Z. Idris, A. 
Pohchi, H. Asma, S. F. A. Wahab, S. Tiede, and R. Paus, "A simple 
culture method for epithelial stem cells derived from human hair 
follicle," Central European Journal of Biology, vol. 8, pp. 432-439, 
Mar. 2013. 
[2] C. Blanpain, W.E. Lowry, A. Geoghegan, L. Polak, and E. Fuchs, 
"Self-renewal, multipotency, and the existence of two cell 
populations within an epithelial stem cell niche," Cell, vol. 118, pp. 
635-648, Sep. 2004. 
[3] R. J. Morris, Y. Liu, L. Marles, Z. Yang, C. Trempus, S. Li, J. S. Lin, 
J. A. Sawicki, and G. Cotsarelis, "Capturing and profiling adult hair 
follicle stem cells," Nature Biotechnology, vol. 22, pp. 411-417, Mar. 
2004. 
[4] G. Fu, Q. G. Gao, X. H. Lian, J. Yu, M. M. Xiang, and T. Yang, 
"Committed differentiation of hair follicle bulge cells into sebocytes: 
An in vitro study," International Journal of Dermatology, vol. 49, pp. 
135-140, Jan. 2010. 
[5] H. Yu, D. Fang, S. M. Kumar, L. Li, T. K. Nguyen, G. Acs, M. 
Herlyn, and X. Xu, "Isolation of a novel population of multipotent 
adult stem cells from human hair follicles," American Journal of 
Pathology, vol. 168, pp. 1879-1888, Jun. 2006. 
[6] A. B. Mohd Hilmi, A. S. Halim, H. Jaafar, A. B. Asiah, and A. 
Hassan, "Chitosan dermal substitute and chitosan skin substitute 
contribute to accelerated full-thickness wound healing in irradiated 
rats," BioMed Research International, vol. 2013, pp. 1-13, Nov. 2013. 
[7] İ. Şahin, D. Alhan, M. Nışancı, F. Özer, M. Eski, and S. Işık, "Auto-
homografting can work well even if both autograft and allograft are 
meshed in 4: 1 ratio," Ulus Travma Acil Cerrahi Derg: Turkish 
Journal of Trauma and Emergency Surgery, vol. 20, pp. 33-38, Jan. 
2014. 
[8] E. Deruy, J. Nassour, N. Martin, C. Vercamer, N. Malaquin, J. 
Bertout, F. Chelli, A. Pourtier, O. Pluquet, and C. Abbadie, "Level of 
macroautophagy drives senescent keratinocytes into cell death or 
neoplastic evasion," Cell Death and Disease, vol. 5, pp. 1-15, Dec. 
2014. 
[9] A. B. M. Hilmi, A. S. Halim, A. Hassan, C. K. Lim, K. Noorsal, and I. 
Zainol, "In vitro characterization of a chitosan skin regenerating 
template as a scaffold for cells cultivation," SpringerPlus, vol. 2, pp. 
1-9, Mar. 2013. 
47
  
[10] L. C. Keong and A. S. Halim, "In vitro models in biocompatibility 
assessment for biomedical-grade chitosan derivatives in wound 
management," International Journal of Molecular Sciences, vol. 10, 
pp. 1300-1313, Mar. 2009. 
[11] C. K. Lim, A. S. Halim, I. Zainol, and K. Noorsal, "In vitro 
evaluation of a biomedical-grade bilayer chitosan porous skin 
regenerating template as a potential dermal scaffold in skin tissue 
engineering," International Journal of Polymer Science, vol. 2011, 
pp. 1-7, Sep. 2011. 
[12] A. Limat, L. E. French, L. Blal, J. H. Saurat, T. Hunziker, and D. 
Salomon, "Organotypic cultures of autologous hair follicle 
keratinocytes for the treatment of recurrent leg ulcers," Journal of the 
American Academy of Dermatology, vol. 48, pp. 207-214, Feb. 2003. 
[13] I. Zainol, S. Ghani, A. Mastor, M. Derman, and M. Yahya, 
"Enzymatic degradation study of porous chitosan membrane," 
Materials Research Innovations, vol. 13, pp. 316-319, Sep. 2009. 
[14] M. N. Noor, S. Halim, A. B. Mohd Hilmi, C. K. Lim, Z. Idris, and K. 
Noorsal, "Isolation of hair follicle stem cell and its three-dimensional 
proliferation on porous chitosan scaffold," Regenerative Research, 
vol. 1, pp. 8-13, Dec. 2012. 
[15] J. Ran, L. Xie, G. Sun, J. Hu, S. Chen, P. Jiang, X. Shen, and H. 
Tong, "A facile method for the preparation of chitosan-based 
scaffolds with anisotropic pores for tissue engineering applications," 
Carbohydrate Polymers, vol. 152, pp. 615-623, Nov. 2016. 
[16] H. Liu, H. Fan, Y. Cui, Y. Chen, K. Yao, and J. C. Goh, "Effects of 
the controlled-released basic fibroblast growth factor from chitosan-
gelatin microspheres on human fibroblasts cultured on a chitosan-
gelatin scaffold," Biomacromolecules, vol. 8, pp. 1446-1455, May 
2007. 
[17] H. R. Lin, K. S. Chen, S. C. Chen, C. H. Lee, S. H. Chiou, T. L. 
Chang, and T. H. Wu, "Attachment of stem cells on porous chitosan 
scaffold crosslinked by Na5P3O10," Materials Science and 
Engineering: C, vol. 27, pp. 280-284, Mar. 2007. 
[18] S. Y. Xie, L. H. Peng, Y. H. Shan, J. Niu, J. Xiong, and J. Q. Gao, 
"Adult stem cells seeded on electrospinning silk fibroin nanofiberous 
scaffold enhance wound repair and regeneration," Journal of 
Nanoscience and Nanotechnology, vol. 16, pp. 5498-5505, Jun. 2016. 
[19] P. P. Bonvallet and S. L. Bellis, "Microporous electrospun scaffolds 
for skin repair and regeneration," Microscopy and Microanalysis, vol. 
22, pp. 994-995, Jul. 2016. 
[20] M. Ghaedi, J. J. Mendez, P. F. Bove, A. Sivarapatna, M. S. B. 
Raredon, and L. E. Niklason, "Alveolar epithelial differentiation of 
human induced pluripotent stem cells in a rotating bioreactor," 
Biomaterials, vol. 35, pp. 699-710, Jan. 2014. 
[21] Y. A. Yusof, C. Etti, and N. L. Chin, "Development of nutraceutical 
product," International Journal on Advanced Science, Engineering 
and Information Technology, vol. 5, pp. 201-206, 2015. 
[22] O.C. Chatib, K. Fahmy, and F. Artika, "Investigation the effect of 
chitosan coating and temperature storageto extend the shelf life 
zalacca (Salacca zalacca)," International Journal on Advanced 
Science, Engineering and Information Technology, vol. 6, pp. 394-
402, Jun. 2016. 
[23] K. A. Athanasiou, G. G. Niederauer, and C. Agrawal, "Sterilization, 
toxicity, biocompatibility and clinical applications of polylactic 
acid/polyglycolic acid copolymers," Biomaterials, vol. 17, pp. 93-102, 
Jan. 1996. 
[24] L. Jansen and P. Rottier, "Comparison of the mechanical properties 
of strips of human abdominal skin excised from below and from 
above the umbilic," Dermatology, vol. 117, pp. 252-258, Jul. 1958. 
[25] H. T. Wang, B. Chen, K. Tao, C. W. Tang, and D. H. Hu, "Human 
hair follicle bulge cells: Potential germ cells for skin tissue 
engineering,” Journal of US-China Medical Science, vol. 4, pp. 1-8, 
Jul. 2007. 
[26] J. E. Kloepper, S. Tiede, J. R. Brinckmann, D. P. Reinhardt, W. 
Meyer, R. Faessler, and R. Paus, "Immunophenotyping of the human 
bulge region: The quest to define useful in situ markers for human 
epithelial hair follicle stem cells and their niche," Experimental 
Dermatology, vol. 17, pp. 592-609, Jul. 2008. 
[27] S. Lyle, M. C. Solomidou, Y. Liu, D. E. Elder, S. Albelda, and G. 
Cotsarelis, "The C8/144B monoclonal antibody recognizes 
cytokeratin 15 and defines the location of human hair follicle stem 
cells," Journal of Cell Science, vol. 111, pp. 3179-3188, Nov. 1998. 
[28] Y. Liu, S. Lyle, Z. Yang, and G. Cotsarelis, "Keratin 15 promoter 
targets putative epithelial stem cells in the hair follicle bulge," 
Journal of Investigative Dermatology, vol. 121, pp. 963-968, Nov. 
2003. 
[29] M. Ohyama, A. Terunuma, C. L. Tock, M. F. Radonovich, C. A. 
Pise-Masison, S. B. Hopping, J. N. Brady, M. C. Udey, and J. C. 
Vogel, "Characterization and isolation of stem cell-enriched human 
hair follicle bulge cells," Journal of Clinical Investigation, vol. 116, 
pp. 249-260, Jan. 2006. 
[30] K. Inoue, N. Aoi, T. Sato, Y. Yamauchi, H. Suga, H. Eto, H. Kato, J. 
Araki, and K. Yoshimura, "Differential expression of stem-cell-
associated markers in human hair follicle epithelial cells," 
Laboratory Investigation, vol. 89, pp. 844-856, Aug. 2009. 
[31] S. Kajiura, S. Mii, R. Aki, Y. Hamada, N. Arakawa, K. Kawahara, L. 
Li, K. Katsuoka, R. M. Hoffman, and Y. Amoh, Protocols for 
Cryopreservation of Intact Hair Follicle That Maintain Pluripotency 
of Nestin-Expressing Hair-Follicle-Associated Pluripotent (HAP) 
Stem Cells, ser. Multipotent Stem Cells of the Hair Follicle: Methods 
and Protocols. Berlin, Germany: Springer, 2016, vol. 1453. 
[32] R. Yang and X. Xu, Isolation and Culture of Neural Crest Stem Cells 
from Human Hair Follicles, ser. Multipotent Stem Cells of the Hair 
Follicle: Methods and Protocols, Berlin, Germany: Springer, 2016, 
vol. 1453. 
[33] J. Ma, H. Wang, B. He, and J. Chen, "A preliminary in vitro study on 
the fabrication and tissue engineering applications of a novel chitosan 
bilayer material as a scaffold of human neofetal dermal fibroblasts," 
Biomaterials, vol. 22, pp. 331-336, Feb. 2001. 
[34] G. Peschel, H. M. Dahse, A. Konrad, G. D. Wieland, P. J. Mueller, D. 
P. Martin, and M. Roth, "Growth of keratinocytes on porous films of 
poly (3‐hydroxybutyrate) and poly (4‐hydroxybutyrate) blended with 
hyaluronic acid and chitosan," Journal of Biomedical Materials 
Research Part A, vol. 85, pp. 1072-1081, Jun. 2008. 
[35] J. Mao, L. Zhao, K. de Yao, Q. Shang, G. Yang, and Y. Cao, "Study 
of novel chitosan-gelatin artificial skin in vitro," Journal of 
Biomedical Materials Research Part A, vol. 64, pp. 301-308, Feb. 
2003. 
[36] L. B. Hejazian, B. Esmaeilzade, F. M. Ghoroghi, F. Moradi, M. B. 
Hejazian, A. Aslani, M. Bakhtiari, M. Soleimani, and M. Nobakht, 
"The role of biodegradable engineered nanofiber scaffolds seeded 
with hair follicle stem cells for tissue engineering," Iranian 
Biomedical Journal, vol. 16, pp. 193, Oct. 2012. 
[37] A. M. Hilmi, A. Hassan, and A. S. Halim, "A bilayer engineered skin 
substitute for wound repair in an irradiation-impeded healing model 
on rat," Advances in Wound Care, vol. 4, pp. 312-320, May 2015. 
[38] Y. Zhu, T. Liu, K. Song, X. Fan, X. Ma, and Z. Cui, "Ex vivo 
expansion of adipose tissue‐derived stem cells in spinner flasks," 
Biotechnology Journal, vol. 4, pp. 1198-1209, Aug. 2009. 
[39] S. Chitrangi, P. Nair, and A. Khanna, “Three‐dimensional polymer 
scaffolds for enhanced differentiation of human mesenchymal stem 
cells to hepatocyte‐like cells: A comparative study,” Journal of 
Tissue Engineering and Regenerative Medicine, Apr. 2016. 
[40] Z. Zhicheng, L. Fang, T. Haiquan, G. Kai, Z. Guangmin, S. Jianlin, 
and R. Dajiang, "Differentiation of adipose-derived stem cells toward 
nucleus pulposus-like cells induced by hypoxia and a three-
dimensional chitosan-alginate gel scaffold in vitro," Chinese Medical 
Journal, vol. 127, pp. 314-321, Jan. 2014. 
[41] K. G. Jain, S. Mohanty, A. R. Ray, R. Malhotra, and B. Airan, 
"Culture and differentiation of mesenchymal stem cell into osteoblast 
on degradable biomedical composite scaffold: In vitro study," The 
Indian Journal of Medical Research, vol. 142, pp. 747, Dec. 2015. 
[42] N. Hanifi, A. S. Halim, C. F. Aleas, J. Singh, M. Marzuki, T. T. Win, 
L. C. Keong, T. P. Kannan, and A. A. Dorai, "Epidermal regeneration 
of cultured autograft, allograft, and xenograft keratinocytes 
transplanted on full-thickness wounds in rabbits," Experimental and 
Clinical Transplantation, vol. 13, pp. 273-278, Jun. 2015. 
[43] M. L. Cooper, J. F. Hansbrough, R. L. Spielvogel, R. Cohen, R. L. 
Bartel, and G. Naughton, "In vivo optimization of a living dermal 
substitute employing cultured human fibroblasts on a biodegradable 
polyglycolic acid or polyglactin mesh," Biomaterials, vol. 12, pp. 
243-248, Mar. 1991. 
[44] J. Zhao, M. Griffin, J. Cai, S. Li, P. E. Bulter, and D. M. Kalaskar, 
“Bioreactors for tissue engineering: An update,” Biochemical 
Engineering Journal, vol. 109, pp. 268-281, May 2016. 
[45] A. Ratcliffe and L. E. Niklason, "Bioreactors and bioprocessing for 
tissue engineering," Annals of the New York Academy of Sciences, 
vol. 961, pp. 210-215, Jun. 2002. 
[46] A. B. M. Hilmi and A. S. Halim, "Vital roles of stem cells and 
biomaterials in skin tissue engineering," World Journal of Stem Cells, 
vol. 7, pp. 428, Mar. 2015. 
48
